We report here the x-ray crystal structure of a soluble catalytically active fragment of the Escherichia coli type I signal peptidase (SPase ∆2-75) in the absence of inhibitor or substrate (apo-enzyme). The structure was solved by molecular replacement and refined to 2.4 Å resolution in a different space group (P4 1 2 1 2) from that of the previously published acyl-enzyme inhibitor-bound structure (P2 1 2 1 2) (Paetzel, M., Dalbey, R.E., and Strynadka, N.C.J. (1998) Nature 396, [186][187][188][189][190]. A comparison with the acyl-enzyme structure shows significant side-chain and main-chain differences in the binding-site and active-site regions which result in a smaller S1 binding pocket in the apo-enzyme. The apo-enzyme structure is consistent with SPase utilizing an unusual oxyanion hole containing one side-chain hydroxyl hydrogen (Ser 88 OγH) and one main-chain amide hydrogen (Ser 90 NH). Analysis of the apo-enzyme active-site reveals a potential deacylating water that was displaced by the inhibitor. It has been proposed that SPase utilizes a Ser-Lys dyad mechanism in the cleavage reaction. A similar mechanism has been proposed for the LexA family of proteases. A structural comparison of SPase and members of the LexA family of proteases reveals a difference in the side-chain orientation for the general-base lysine, both of which are stabilized by an adjacent hydroxyl group. To gain insight into how signal peptidase recognizes its substrates, we have modeled a signal peptide into the binding-site of SPase. The model is built based on the recently solved crystal structure of the analogous enzyme LexA (Luo, Y. et al., (2001) Cell 106, 585-594) with its bound cleavage-site region.
INTRODUCTION
Type I signal (leader) peptidase (SPase, EC 3.4.21.89) is the membrane bound serine endoprotease responsible for cleavage of the amino-terminal signal (or leader) peptide extensions from secretory proteins and some membrane proteins (for recent reviews see references (1) and (2)). The type I SPase from Escherichia coli has served as the model gram-negative SPase and is the most thoroughly characterized SPase to date. It has been cloned (3), sequenced (4), overexpressed (5), purified (4, 6, 7) , and kinetically (8) , and recently structurally (9) characterized. Site-directed mutagenesis (8, 10) and chemical modification (8, 11) studies are consistent with SPase utilizing a Ser-Lys dyad mechanism whereby Ser 90 serves as the nucleophile and Lys 145 serves as the generalbase. E. coli SPase (323 amino acids, 35,988 Da, pI 6.9) contains two amino-terminal transmembrane segments (residues 4-28, and 58-76), a small cytoplasmic region (residues 29-58) and a carboxy-terminal periplasmic catalytic region (residues 77-323). A catalytically active fragment of SPase (SPase ∆2-75) which lacks the two transmembrane segments and the cytoplasmic domain has been cloned, over-expressed, characterized (12, 13) and crystallized (14) . The ∆2-75 construct required detergent or lipid for optimal activity (13) and crystallization (14) . The crystal structure of SPase ∆2-75 in complex with a covalently-bound β-lactam based inhibitor revealed directly that Ser 90 was the nucleophile and that the position of the Nζ of Lys 145 was consistent with a role as the general-base (9) in the catalytic mechanism. The shallow hydrophobic pockets observed adjacent to the catalytic residues helped to explain the Ala-X-Ala substrate specificity.
The structure also revealed that SPase is an unusual serine protease in that it attacks the by guest on January 28, 2018 http://www.jbc.org/ Downloaded from substrate scissile amide carbonyl from the si-face rather than the re-face as seen in most serine proteases (15, 16 ).
An important component of the catalytic machinery in serine proteases is the oxyanion-hole that works by neutralizing the developing negative charge on the scissile carbonyl oxygen during the formation of the tetrahedral intermediates. Typically oxyanion holes are formed by two main-chain amide hydrogens that serve as hydrogen bond donors to the developing oxyanion (17). The inhibitor bound structure of E. coli SPase (9) revealed only one hydrogen bond donor (Ser 90 NH) to the inhibitors acylcarbonyl group. Although there was no other potential main-chain hydrogen bond donor it was suggested that the side-chain hydroxyl group from Ser 88 could fulfill the role if it were not blocked by the bulky thiazolidine ring of the inhibitor. Here we present crystallographic evidence which, in agreement with recent mutagenesis data (18) , strongly suggests the hydroxyl group of Ser 88 does contribute to the oxyanion hole in the Gramnegative signal peptidases. A detailed analysis of the active-site of SPase ∆2-75 in the absence of inhibitor or substrate (apo-enzyme) reveals significant differences from the inhibitor-bound structure and reveals a strong candidate for the key deacylating water in the proposed mechanism. We also present a structural comparison with other Ser-Lys proteases from the LexA family of proteases. A signal peptide is modeled into the binding-sites of SPase based on the structure of the bound cleavage-site region in LexA. 
EXPERIMENTAL PROCEDURES

Materials -
The SPase ∆2-75 protein (relative molecular mass (Mr) 27,952 by electrospray ionization mass spectrometry analysis (12) , 249 amino acid residues, pI 5.6 by isoelectric focusing analysis (13)) was expressed and purified as described previously (14) . The protein (10 mg/ml) was solubilized in 20 mM Tris-HCl pH 7.4 and 0.5% of the detergent Triton X-100.
Crystallization -Subtle adjustments to the previously published crystallization conditions Figures 1,3 ,5-7 were prepared using the programs Molscript (27) and Raster3D (28) . Figure 4 was prepared using the programs XFIT (22) and Raster3D (28) . Figure 2 was prepared using the programs GRASP, UNGRASP (29) and Raster3D (28) .
Figure Preparation -
Accession Numbers -Atomic coordinates for the apo-enzyme SPase ∆2-75 structure will be deposited with the RCSB Protein Data Bank (30) (http://www.rcsb.org/pdb/) upon acceptance of the manuscript. Atomic coordinates for the SPase ∆2-75 penem inhibitor complex structure (9) are under the accession code 1B12.
RESULTS AND DISCUSSION
The catalytic domain of E. coli type I signal peptidase (SPase ∆2-75) has been crystallized in the absence of inhibitor or substrate (apo-enzyme). Earlier attempts to crystallize the apo-enzyme of SPase ∆2-75 resulted in poorly diffracting crystals that belonged to the tetragonal space group P4 2 2 1 2 (14) . Adjustments to the previously published crystallization conditions have resulted in improved crystals of the apo-enzyme that belong to the tetragonal space group P4 1 2 1 2 with diffraction to 2.4 Å resolution (see experimental procedures for details). Typical of many enzyme systems, the apo-enzyme form is apparently less ordered than that of the inhibitor bound form. Orthorhombic (P2 1 2 1 2) crystals of the E. coli SPase acyl-enzyme inhibitor complex were shown to diffract to beyond 1.9 Å resolution (9) . The structure of the apo-enzyme was solved by molecular replacement and refined to 2.4 Å resolution with a R-factor of 0.239 and a Rfree value of 0.279 (see table 1 for complete refinement statistics).
Structural difference between apo-enzyme and acyl-enzyme.
Both the apo-enzyme structure and the acyl-enzyme inhibitor-bound structure Comparing the apo-enzyme and acyl-enzyme active site residues reveals very little change in the position of the nucleophilic Ser 90 and general-base Lys 145 ( Fig. 1,2 ).
There are however significant differences in the substrate-binding pockets. The shallow and hydrophobic substrate-binding pockets of E. coli SPase are consistent with the substrate specificity for small and neutral residues at the P1 and P3 position (P1 and P3 (31) correspond to the -1 and -3 position relative to the cleavage-site) (32). The S1 pocket is made up of nonpolar atoms from residues 86-88, 90-91, 95, and 143-145. The S3 pocket is made up of nonpolar atoms from residues 84, 86, 101, 132, 142 and 144. In the apo-enzyme structure the main-chain of Pro 87 and Ser 88 is positioned such that the S1 binding pocket is narrower than that seen in the acyl-enzyme inhibitor-bound structure (Fig. 2,3) . The side chain of Phe 84 has also rotated approximately 80° about χ 1 , toward the direction of the binding pocket (from -83° in the inhibitor-bound structure to -160° in the apo-enzyme structure). Differences are also seen in the side-chain positions of Ile 144, Leu 95, and Tyr 143 (Fig. 1,2) , which also result in a more narrow and shallow binding pocket (Fig.3) . Molecular surface analysis of the binding pocket region (26) confirms quantitatively that both the area and the volume of the S1 binding pocket is smaller in the apo-enzyme structure. The S1 binding site in the acyl-enzyme structure is the largest the inhibitor-bound structure was a result of a clash with the inhibitors thiazoladine ring (9) and that in the absence of the bulky inhibitor, the Ser 88 β-hydroxyl may be able to contribute to the oxyanion stabilization. These structural findings are consistent with recently published mutagenesis and kinetic studies (18) which showed that the S88T mutant maintained near wild-type activity whereas the S88C and S88A mutations resulted in a 740-fold and >2440-fold reduction in activity, respectively. Sequence analysis reveals that SPases from Gram-negative bacteria and those from the eukaryotic endoplasmic reticulum contain a Ser at the 88 position (E. coli numbering). There is some precedent for a serine hydroxyl acting as a component of an oxyanion hole (in lipolytic enzymes such as cutinase (33)), but SPase is the first characterized serine protease to utilize a side-chain hydroxyl in this manner.
Active-site waters.
The crystal structure of the apo-enzyme of SPase ∆2-75 reveals electron density and appropriate coordination for three water molecules near the active-site region conserved in each of the four molecules in the asymmetric unit (Fig. 4) . The water designated WAT1 is coordinated by Met 91 NH, Ser 88 O, and Leu 95 O. The water designated WAT2 is coordinated by Ile 144 NH. The water designated WAT3 is coordinated by Lys145 Nζ. WAT1 was also present in the SPase acyl-enzyme inhibitorbound structure (9) . WAT2 AND WAT3 were not present in the acyl-enzyme inhibitorbound structure as they would have been sterically displaced by the presence of the inhibitor (Fig. 5 ). This suggests either WAT2 or 3 as the deacylating water, with the long lived stability of the penem inhibitor acyl-enzyme complex a result of displacement of the deacylating water. Inhibitors for TEM-1 β-lactamase have been designed based on this principle (34, 35) and analysis of serine protease acyl-enzyme complexes have revealed similar effects (36, 37) .
For a water to function as the "deacylating" (also called the "catalytic", "hydrolytic" or "nucleophilic") water during the deacylation step of the hydrolytic reaction it needs to be positioned such that it is within hydrogen bonding distance to a general-base for activation as well as at a suitable angle of approach with respect to the carbonyl of the ester intermediate (the so-called Burgi angle of ~107º; (38) ). By superimposing the apo-enzyme structure and the inhibitor-bound acyl-enzyme structure we can approximate the distance from WAT 2 and WAT3 to the ester carbonyl carbon as well as the angle subtended by the water oxygen, the ester carbonyl carbon and the carbonyl oxygen (table 2, Fig. 5 ). WAT2 would most likely be displaced by the binding of the signal peptide due to its β-sheet style hydrogen bonding interactions with the strand containing Ile 144 which coordinates WAT2 (Fig. 7a) (Fig 6a) . Analysis of the active-sites of these superimposed structures reveal that these enzymes share a common hydrogen bonding environment for the Lys general-base in that it is hydrogen bonded not only to the Ser nucleophile Oγ but also to another side-chain hydroxyl Oγ (Fig. 6b) 
Model of a signal peptide bound to a signal peptidase.
Recently the crystal structure of the self-cleaving LexA repressor active-site mutant (S119A) was solved with its cleavage-site region bound in the active-site (40) .
Using the acyl-enzyme inhibitor-bound SPase structure, along with the structure of the LexA cleavage-site, we have modeled the signal peptide from E. coli outer membrane protein A (OmpA) bound to the E. coli SPase (Fig. 7) . The OmpA signal peptide was chosen for this modeling study because E. coli SPase shows the best catalytic constants using the pre-protein substrate ProOmpA-nucleaseA (PONA) (46) . PONA is a hybrid protein of the OmpA signal peptide attached to the Staphylococcus aureus nuclease A.
The model shows the signal peptide making a number of β-sheet type of hydrogen bonding interactions with the β-strands (81-85, 142-149) that line the S1 and S3 substrate binding pockets (Fig. 7a) and P7 residues may be in position to make significant contact with SPase. Interestingly, the P7 residue (Phe 15) comes in close proximity to Trp 300 which has been shown by site-directed mutagenesis (47) and chemical modification (48) to be important for optimal activity. Many signal peptides contain a Gly or Pro residue at approximately the P6 residue suggesting that this may represent the transition point from the β-strand region (C-region) to the α-helical region (H-region). By extending the signal peptide β-sheet type of interaction to the P6-P8 position, the H-region is presented in close proximity to the presumed position of the transmembrane segments of SPase (Fig. 7b) .
Concluding Remarks.
There is very little sequence identity among signal peptides except in the cleavage-site region (C-region) where there is a preference for small and neutral residues at the P1 and P3 position. By far the most common residues at these positions is Ala, although Gly and Ser are sometimes observed at the P1 position and Val, Ser and Leu are sometimes seen at the P3 position. By comparing the apo-enzyme and acyl-enzyme structures of SPase we can see that the flexibility seen in the shallow and hydrophobic binding site region is consistent with the relatively broad substrate specificity of SPase.
Although the β-lactam style SPase inhibitor mimics the substrates amine bond it is not clear whether the same changes seen at the active-site and binding-site upon formation of the inhibitor acyl-enzyme are reflective of the changes that would be observed with the substrate acyl-enzyme. Unpublished results from a crystal structure of a peptide-based inhibitor non-covalently bound to SPase shows approximately the same Pro 87 and Ser 88 main-chain position as the acyl-enzyme inhibitor-bound structure. Conversely the peptide-based non-covalently bound inhibitor structure shows a similar Ser 88 χ 1 angle as that in the apo-enzyme structure which would be consistent with SPase utilizes a Ser 88 hydroxyl in its oxyanion hole. (Paetzel et al., 2001 , unpublished data).
Structural comparisons with the related enzymes from the LexA family of proteases reveals similarities in the hydrogen bonding network for the general-base Lys yet differences in the orientation of the Lys Nζ supported by the network. It may be that the Ser-Lys dyad mechanism would be more accurately described as a Ser-Lys-Ser/Thr triad mechanism.
Since SPase is an essential enzyme found at the bacterial membrane surface it has been actively studied as a potential antibacterial target (49) . The crystal structure of the apo-enzyme form of E. coli SPase and our model of the OmpA signal peptide bound to SPase may be helpful in the rational design of inhibitors and artificial substrates as well as kinetic and mutagenesis experiments. Efforts are now underway to crystallize the fulllength E. coli SPase bound to a pre-protein substrate. 
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ABBREVIATIONS
The abbreviations used are: SPase, signal peptidase; ∆2-75, the construct of E. coli signal peptidase lacking the residues 2 through 75 which correspond to the transmembrane segments and the cytoplasmic region; asu, crystallographic asymmetric unit; r.m.s.d., root mean-square deviation; pI, isoelectric point; Da, Daltons; UmuD', the UmuD protease with the N-terminus cleaved. 
